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I propose an electromagnetically induced phase grating based on the giant Kerr nonlinearity of an atomic
medium under electromagnetically induced transparency. The atomic phase grating behaves similarly to an
ideal sinusoidal phase grating, and it is capable of producing a  phase excursion across a weak probe beam
along with high transmissivity. The grating is created with arbitrarily weak fields, and diffraction efficien-
cies as high as 30% are predicted. © 2010 Optical Society of America
OCIS codes: 020.1670, 270.1670.Electromagnetically induced transparency (EIT) has
opened up new ways to dramatically manipulate the
optical properties of atomic media. In EIT, an atomic
vapor is made transparent to a resonant probe field
by driving the atoms with a coupling laser on a
linked transition [1]. Under EIT, the nonlinear opti-
cal properties of the atomic sample can be signifi-
cantly enhanced [2].
By spatially modulating the coupling beam, alter-
nating regions of high transmission and absorption
can be created in the atomic sample that act as an
amplitude grating on which the resonant probe beam
can diffract [3]. As shown in [3], the small diffraction
efficiency 3% of the grating can be increased to
just over 10% by detuning the probe beam from reso-
nance. Detuning introduces a phase modulation to
the probe beam. The enhancement comes from the
fact that while an amplitude grating tends to diffract
light into the central maximum, a phase grating dis-
perses energy into higher diffraction orders [4]. Elec-
tromagnetically induced grating (EIG) has been dem-
onstrated experimentally in cold atomic samples [5,6]
and applied to all optical switching and routing in hot
atomic vapors [7]. But an ideal atomic grating should
impart a phase shift of the order of  across the probe
beam, while being completely transparent to the
probe field, for high diffraction efficiency.
In this Letter, I propose an EIG based on cross
phase modulation (XPM) of the probe beam. It relies
on the giant Kerr nonlinearity of the atomic sample
under EIT to impart a  phase excursion to the probe
field at the same time that it maintains a high probe
transmission. This atomic phase grating is highly ef-
ficient and can diffract up to 30% of the probe energy
into the first diffration order.
Figure 1(a) illustrates the atomic model. It consists
of a four-level atom interacting with three cw lasers.
A homogeneously broadened medium is assumed.
Levels c and d are excited states that decay at
rates c and d, respectively. Level a is the ground
state and b is a metastable state with negligible de-
cay rate b0. Levels a and c are connected by a
probe beam with Rabi frequency p and wavelength
, while the b→ c transition is driven by a coupling
beam (Rabi frequency c). Both coupling and probe
beams are resonant with their respective transitions,
0146-9592/10/070977-3/$15.00 ©and EIT of the probe beam occurs if cp. The sig-
nal beam  is detuned from the b→ d transition
by =bd−, where bd is the atomic transition fre-
quency, and  is the signal optical frequency.
The induced polarization at the probe frequency p
will be Pp=0	pEpp, where [2,8]
Re	 = K
2/c2








2 /0 and N being the atomic density.
In deriving Eq. (1) no approximations were made
with respect to the magnitude of , c, or . The non-
linear susceptibility 	 is a function of two externally
controllable parameters: the signal detuning  and
the ratio of signal to coupling Rabi frequencies  /c.
As shown in [2], this excitation scheme yields giant
nonlinearities while keeping the linear susceptibili-
ties identically zero for all fields. The signal field cre-
ates an ac-Stark shift of state b, causing a large
change in the index of refraction at frequency p. The
XPM phase shift induced on the probe by the signal
field is linearly dependent on the interaction length.
The scheme is limited only by the small two-photon
absorption given by Im	, allowing long interaction
lengths. Phase shifts of the order of  with single
photons in the signal field were proposed [2]. Large
Fig. 1. (a) The atomic model. An open four-level atom in-
teracting with three laser beams: probe p, coupling c
and signal . (b) Sketch of the probe- and signal-beam
spatial configuration with respect to the atomic sample
showing the zeroth and first diffraction orders.
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served experimentally in cold Rb atoms under this
excitation scheme [8].
Suppose the probe field is propagating along the z
direction through an extended atomic sample of
length L. Probe propagation is described, in the
slowly varying envelope approximation, by Maxwell’s
equation with the atomic polarization as driving
source: Ep /z= i /0P, or
Ep
z
= − /2 + iEp. 2
Here, = 4 /Im	 is the two-photon non-linear-
absorption coefficient and L= 2L /Re	 is the
XPM phase shift of the probe laser. In what follows, I
will assume decay rates typical for transitions involv-
ing the hyperfine-split Na D lines [9]: c=1.2
108 s−1 and d=2.5108 s−1.
If the signal wave is composed of two overlapping
fields that form a standing wave in the x direction
[Fig. 1(b)], then the signal Rabi frequency can be
written as x= sinx /, where  is the spatial
frequency of the standing wave.  and  become func-
tions of x. Equation (2) can be solved analytically to
obtain the transmission function of the atomic me-
dium at z=L,
Tx = e−xL/2eixL. 3
The transmission function is plotted in Fig. 2(a) for a
ratio  /c=4 and a detuning =205c. At an optical
depth of L /2=0.14, there is a small amplitude
modulation of the transmission function, which oscil-
lates around an average transmissivity of 94%. At
the same time, a large phase modulation of the trans-
mission function is observed reaching a peak phase-
shift value of  at x= ±0.5. This EIG is very close to
an ideal phase grating, since it accomplishes a 
Fig. 2. (Color online) (a) The amplitude (dashed black
line) and phase (solid red line) of the transmission function
Tx plotted over two space periods for L /2=0.14. (b)
Cross section of the diffraction pattern for the transmission
function shown in (a). The inset shows the diffraction pat-
tern when x	0.phase modulation across the probe beam with a low
energy loss inside the atomic medium.
The weak probe field diffracts on the atomic phase
grating induced by the modulated signal field. For
the case in which the incident probe laser is a plane
wave, the far-field (Fraunhofer) diffraction pattern is
given by the Fourier transform of Tx. Following [3],
it can be shown that the diffraction intensity distri-
bution is given by
Ip = J2
sin2N sin /
N2 sin2 sin /
, 4
where J=0
Txexp−2ix sin  /dx corre-
sponds to the Fraunhofer diffraction of a single space
period, N is the number of spatial periods of the grat-
ing illuminated by the probe beam, and  is the dif-
fraction angle with respect to the z direction. J and
Ip are normalized such that if Tx=1 then Ip0
=1. The diffraction efficiency into any diffraction or-
der is then given by the amplitude of Ip for that or-
der.
Figure 2(b) shows the diffraction pattern for the
transmission function of Fig. 2(a) for  /=4 and N
=5 as a function of sin . The modulated phase has
deflected a significant portion of the probe energy out
of the central diffraction pattern into two additional
side-patterns located at sin = /=0.25. A small
amount of energy is also shifted into the second dif-
fraction order. The first-order diffraction efficiency of
the grating (about 29%) is very close to the efficiency
of an ideal sinusoidal phase grating, which is ap-
proximately 34% [4]. The inset shows the resulting
diffraction pattern from artificially setting x	0 in
Eq. (3). In the absence of phase modulation, only the
zero-order diffraction component is visible, confirm-
ing that the transfer of energy from the zeroth to the
first order component is due to the phase modulation.
The diffraction efficiency will depend on the ratio
 /c, the signal detuning , and the interaction
length L. Figure 3 illustrates how these parameters
affect the diffraction efficiency. Figure 3(a) shows the
first-order diffraction intensity as a function of de-
tuning  at various lengths L for a fixed ratio  /c
=4. The interaction length L is given in terms of 
	0c /8N
ac
2 , which corresponds to the resonant-
probe absorption length when c=0. At L=40, a dif-
fraction efficiency of 21% is predicted for a detuning
of approximately 55c. As the interaction length in-
creases, the XPM phase shift of the probe beam in-
creases, thus improving the diffractive power of the
atomic phase grating. However, to keep the probe ab-
sorption at a low level, and maintain a high diffrac-
tion efficiency, the signal detuning must also in-
crease. Thus an efficiency of 30% is seen at L=200
when =230c. At L=200, the two-photon optical
depth is only 0.34 for  /c=4 and =230c.
Figure 3(b) displays the diffraction intensity as a
function of the ratio  /c. It shows that an optimum
ratio exits for which the amount of light in the first
order is significantly increased. The existence of an
optimum ratio can be understood as follows: If c
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enough to induce a giant nonlinearity; and if c,
the signal beam will shift b too much, compromising
the probe transparency. The particular values of each
Rabi frequency are irrelevant, and  and c can be
set arbitrarily low, as long as the condition for EIT is
satisfied: c
2bc; therefore cc provided that
b0. In the EIG of [3], a weak beam diffracts on a
strong-field standing wave interacting with an
atomic sample. In this work, a weak probe beam dif-
fracts on a weak-field standing wave interacting with
the atoms.
One possible limitation to implementing this
Fig. 3. (Color online) (a) First-order diffracted intensity as
a function of signal detuning for different interaction
lengths and  /c=4. (b) First-order diffracted intensity as
a function of the ratio  /c for L=160 and =285c. In
both cases, sin 1=0.25.atomic phase grating is the long interaction lengthsrequired by the scheme. However, optical densities as
high as 160 (or equivalently, L=160) have been re-
ported in a sodium “dark-spot” magneto optical trap
[10]. Long interaction lengths can be readily obtained
in vapor cells, but the angles between the optical
beams would have to be kept small in order for EIT to
occur. In [7], an EIG was implemented in a vapor cell
by using nearly collinear beams, and a similar setup
could possibly be used here.
In conclusion, I described an electromagnetically
induced phase grating that can diffract light effi-
ciently and is created with arbitrarily weak fields.
The efficiency of the atomic phase grating is close to
that of an ideal sinusoidal phase grating. Such an
atomic phase grating could find an application in all-
optical switching at the few photon level where a
quantized signal field could be used to create a grat-
ing to diffract and switch a quantized probe field. The
low losses of the phase grating are paramount for
such a quantum all-optical switch.
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